Stronger and higher proportion of beneficial amino acid changing mutations in humans 1 compared to mice and flies 2 3 4
improved modeling of weakly deleterious mutations and the demographic history of the outgroup 23 species and estimate that 30-34% of nonsynonymous substitutions between humans and 24 outgroup species have been fixed by positive selection. This estimate is much higher than 25 previous estimates, which did not account for the population size of the outgroup species. Next, 26
we directly estimate the proportion and selection coefficients of newly arising strongly beneficial 27 nonsynonymous mutations in humans, mice, and D. melanogaster by examining patterns of 28 polymorphism and divergence. We develop a novel composite likelihood framework to test 29 whether these parameters differ across species. Overall, we reject a model with the same 30 proportion and the same selection coefficients of beneficial mutations across species, and 31 estimate that humans have a higher proportion of beneficial mutations compared to Drosophila 32
and mice. We demonstrate that this result cannot be attributed to biased gene conversion. In 33 summary, we find the proportion of beneficial mutations is higher in humans than in D. 34 melanogaster or mice, suggesting that organismal complexity, which increases the number of 35 steps required in adaptive walks, may be a key predictor of the amount of adaptive evolution 36 within a species. 37 38
INTRODUCTION
A recent conceptual and theoretical investigation of beneficial mutations under Fisher's 85 geometric model found that population size was a poor predictor of alpha and the rate of adaptive 86 divergence 17 . Instead, organismal complexity (here defined as the number of phenotypes under 87 selection) and the rate of environmental changes were better predictors of alpha. They also point 88 out that the distribution of fitness effects (DFE) for newly arising beneficial mutations likely 89 differs with population size. Because small populations likely have had more fixations of weakly 90 deleterious alleles, they are further from the fitness optimum. Thus, small populations then have 91 the potential for more new beneficial mutations compared to larger populations.
92
In summary, the amount of adaptive evolution in disparate species with varying 93 population sizes remains elusive. Equally unclear is the best metric to quantify the amount of 94 positive selection in distinct species. Boyko et al. found that by assuming some fraction (0 to 95 1.86%) of new mutations is positively selected, they could better match the frequency spectrum 96 of polymorphisms and the counts of human-chimpanzee differences. Importantly, models with 97 weaker selection coefficients for beneficial mutations tended to have a higher proportion of 98 positively selected mutations than models with stronger selection 7 . Further, by fitting a DFE 99 from Fisher's Geometric model to polymorphism data in humans and Drosophila melanogaster, 100
Huber et al. found a higher proportion (14%) of new weakly beneficial mutations in humans 101 compared to Drosophila (<1%) 18 . They attributed this higher estimate of the proportion of new 102 beneficial mutations in humans as compensating for deleterious alleles that became fixed due to 103 the small population size that in turn moved the human population away from the fitness 104 optimum.
105
However, direct comparison the DFEs of beneficial mutations across species has not been 106 performed rigorously before, and in previous work on estimating alpha, there were unjustified 107 assumptions about the demography of the outgroup species that can have substantial impacts on 108 the inference. Here we directly estimate the proportion and selection coefficients of newly 109 arising strongly beneficial mutations in humans, mice, and D. melanogaster by examining 110 patterns of polymorphism and divergence. We then develop a composite likelihood framework to 111 test whether these parameters differ across species. This approach enables a more direct 112 comparison of the amount of beneficial mutations across different species, and is also less 113 confounded by the fixation of weakly deleterious mutations. Overall, we reject a model with the 114 same proportion and the same selection coefficients of beneficial mutations across species, and 115 estimate that humans have a higher proportion of beneficial mutations compared to Drosophila 116 and mice. Using improved modeling of weakly deleterious mutations and demographic models, 117 particularly correcting for the population size of outgroup species, we estimate that 30-34% of 118 nonsynonymous substitutions between humans and the outgroup is driven by positive selection, 119 much higher than previously thought. In addition, we explore the effect of biased gene 120 conversion (BGC) on our estimates of adaptive evolution by looking at subsets of sites that are 121 unaffected by BGC and find that while BGC influence our estimates of positive selection in a 122 species-specific manner, it cannot account for our main findings that the proportion and strength 123 of beneficial mutations differ across species. 124 125 RESULTS
126
Estimates of alpha for multiple species 127
We first estimated alpha from coding regions of humans, mice and 
161
Because a wide range of divergence times were reported in previous studies for each 162 species, we estimate divergence time that best fit our data using the observed D S . We then use 163 prfreq to predict D N using this estimated divergence time, the gamma-distributed DFE, and the 164 demographic model (see Methods). Applying this framework using chimpanzee as the outgroup 165 species, we initially estimated that 15% of the nonsynonymous substitutions between humans 166 and chimp were driven by positive selection ( When we apply DFE-alpha to our three species, alpha is estimated to be 24% for humans 212 using chimpanzee as outgroup, 2% for humans using macaque as outgroup, 71% for D. 213 melanogaster, and 51% for mice (table 1) . These estimates are all slightly higher compared to 214 estimates from our two-epoch models. However, the estimates of alpha computed for humans 215 differ significantly depending on whether the macaque or chimpanzee is used as the outgroup.
216
We additionally estimate alpha for substitutions that occurred on the human lineage, using the 217 human-macaque alignment to polarize substitutions between human and chimp (see Methods). Namely they used Fisher's geometric model to argue that a smaller population will have more 389 fixations of weakly deleterious mutations pushing it further away from the fitness optimum, thus 390 creating more opportunities of beneficial compensatory mutations. We also find that alpha varies 391 in a complex way across species. Indeed, alpha is the result of an intricate interplay between the 392 DFE, demography, and population size. Importantly, our model-based alpha estimate for humans 393 is approximately 30%, which is much higher than all previous estimates 6,7 , and this result is 394 robust to the choice of different outgroups and BGC. In addition, although our estimates indicate 395 a higher alpha in D. melanogaster and mice than in humans, the difference between mice and 396 humans is small (38% vs. 33%). Interestingly, when taking BGC into account, mice have a 397 smaller alpha (19%) than human (34%), which goes in the opposite direction seen when not 398 controlling for BGC. After removing the potentially confounding effects of BGC, alpha is no 399 longer correlated with population size. 400
One major improvement of our method over previous similar approaches from Boyko et 401 al and DFE-alpha 6,7 is that we take into account the difference in outgroup population size. In 402
Boyko et al., the outgroup population size is assumed to be the same as that found in the 403 ancestral in-group population. DFE-alpha allows for inference of demographic parameters of 404 one-to three-epoch models, and the outgroup population size is assumed to be the same as the 405 ancestral in-group population. When considering species like humans in relation to other 406 primates, like chimpanzee or macaque, this assumption almost certainly does not hold as primate 407 species have population sizes at least several fold larger than the estimated ancestral human 408 population size of approximately 8,000 individuals. The size of the outgroup population matters 409 because it affects the fixation probability of weakly deleterious alleles 1 . As such, the amount of 410 nonsynonymous substitutions attributed to weakly deleterious mutations is highly affected by the 411 population size of the outgroup. Consequently, estimates of alpha are then affected as well. Our 412 approach includes an additional population size change, such that the outgroup can have a more 413 realistic population size. By using more realistic population sizes in the outgroup species, the 414 alpha estimates we obtained for human are similar when using the chimpanzee or macaque as 415 outgroup species. This is strong evidence that our method is more accurate as all the other 416 methods give drastically different estimates of alpha using these two different outgroups. called using the GATK UnifiedGenotyper and filtered using the GATK VQSR using Affymetrix 493
Mouse Diversity Genotyping Array sites 46 . We further filtered the dataset to only retain sites 494 with a sample size of at least 16 chromosomes and down-sampled all sites with larger sample 495 size to a sample size of 16 chromosomes using the hypergeometric probability distribution.
496
Published genome alignments of mice and rat (mm9/rn5) were downloaded from UCSC 497 (http://hgdownload.soe.ucsc.edu/goldenPath/mm9/vsRn5/axtNet/). For each species, 498 polymorphism data and divergence data were intersected, and only coding regions shared by 499 both datasets were used in our analysis. 500
In total, 19.1Mb of coding sequences for human, 26.6 Mb of coding sequences for mice 501 and 15.8Mb of coding sequences for D. melanogaster were included. The nonsynonymous and 502 synonymous total sequence lengths (L NS , L S ) were estimated using multipliers of
in Drosophila, and L NS = 2.31 × L S in humans and mice from Huber et al 17 . In these filtered 504 coding sequences, we annotated synonymous and nonsynonymous sites in both polymorphism 505 and substitution data for each species. Human variants were annotated using the SeattleSeq 506
Annotation pipeline (http://snp.gs.washington.edu/SeattleSeqAnnotation138/). Mice and 507 Drosophila variants were annotated using SnpEeff v3.6 using the mice NCBIM37.66 annotation 508 database and the D. melanogaster BDGP5.75 annotation database, respectively. Sites that are 509 annotated as near-splice, or loss of function were removed. The ratio of 510 nonsynonymous/synonymous differences between human and chimp sequences in our dataset is 511 about 0.65, which is consistent with several previous reports from different datasets [47] [48] [49] . 512
From the down-sampled polymorphism data, we calculated the synonymous and 513 nonsynonymous SFS, and used the folded SFS for all further inferences to avoid 514 misidentification of the ancestral state. 515 516
Calculation of alpha 517
For each species, alpha was calculated using an extension of the (2) 520
Here, D S is the number of synonymous substitutions, D N is the number of nonsynonymous 521 substitutions, P S is the number of synonymous polymorphisms, and P N is the number of 522 nonsynonymous polymorphisms. 523 524
Demographic and DFE inferences for mice 525 We used methods established in Huber et al to infer demography and DFE of neutral and 526 deleterious mutations from the mouse polymorphism data 17 . In short, we first used the 527 synonymous SFS to infer demographic parameters for a two epoch-model using ∂a∂i 28,50 . Then, 528
we used a Poisson likelihood function to estimate the parameters of a gamma-distributed DFE of 529 new neutral and deleterious nonsynonymous mutations using the nonsynonymous SFS, 530 conditional on the estimated demographic parameters 7,51 . 531 prfreq estimates of alpha 532
To implement the prfreq approach to estimate alpha, for each species, we need a 533 demographic model and a DFE for neutral and deleterious mutations to predict the D NE that is 534 accounted for by neutral and deleterious forces. For humans and D. melanogaster, we use 535 demographic and DFE parameters from Huber et al. (supplementary table S3) 17 . For mice, we 536 conduct our own inference of these parameters by summarizing the polymorphism data by the 537 folded site frequency spectrum (SFS; see Methods). For mice, using the synonymous SFS, we 538 infer that the ancestral population size is approximately 206,500 which expanded 2.4-fold 539 293,000 generations ago (supplementary table S3 ). Conditional on this demographic model, we 540 estimate the DFE for new nonsynonymous mutations in mice. We assume that the DFE follows a 541 gamma distribution and estimate its shape parameter alpha to be 0.21 and scale parameter beta to 542 be 0.083 (supplementary table S3 ). These estimates are within the same magnitude of previous 543 estimates from Huber et al., which used a much smaller dataset (<0.1% of the total sites used in 544 our study). For both the two-epoch models and the three-epoch models, we first found the 545 demographic parameters (supplementary table S4 ) that fit the observed number of synonymous 546 substitutions using prfreq. Here the number of synonymous substitutions equals 2 × divergence 547 time × mutation rate. We estimated the divergence time (tdiv) for each model and species using 548 this method because there is a wide range of divergence times from the literature for each 549 species. Second, using this divergence time, demography, and DFE inferred from 
